cytotoxic T cells (6) are not as burdensome in patients with NK cell deficiency.
Human NK cell deficiencies can be divided into two categories. Those in the first category are characterized by effects on the quantity of NK cells in the peripheral blood, while effects on the function but not quantity of NK cells characterize those in the second. NK cell deficiencies in the first category have been labeled "classical NK cell deficiencies", and those in the second "functional NK cell deficiencies" (4, 5) . The first example of a classical NK cell deficiency was reported in 1989 in a girl with severe varicella and other complicated herpesvirus infections (7) . She was determined to stably lack both NK cells in peripheral blood as well as peripheral blood NK cell cytotoxic activity against the prototypical human NK cell target cell, the K562 erythroleukemia cell line. The first example of a functional NK cell deficiency was described in 1982 in three siblings with severe Epstein-Barr virus infection (8) . All three individuals in this family had deficient K562 target cell killing activity, and the surviving affected individual has had persistently deficient function over a 30-year period (personal observation).
Although reports of individuals with these rare disorders have accumulated, the mechanistic underpinnings of the conditions remain largely unknown. Only two genetic causes of NK cell deficiency have been identified to date. These are autosomal recessive CD16 mutation, which leads to a functional NK cell deficiency (9) , and autosomal dominant GATA2 mutation, which leads to classical NK cell deficiency (10, 11) . Individuals with either of these mutations have characteristic viral susceptibility, although some individuals with GATA2 mutations have abnormalities in monocytes and dendritic cells in addition to NK cells and are also susceptible to atypical mycobacterial infection. It is presently unclear why autosomal recessive CD16 mutation and autosomal dominant GATA2 mutation affect NK cells.
When the experience obtained from studying the rare cases of classical and functional NK cell deficiency is combined with that gained from the analysis of other known human single gene diseases that impact the immune system more broadly but include deficiency in NK cell numbers or function (4, 5) , some fairly substantive insights can be obtained into the role of human NK cells in host defense as well as their requirements for existence and function ( Figure 1 ). Even though some of these diseases are quite immunologically severe, most are associated with abnormal susceptibility to herpesviruses in at least some form. Thus, while immunologically instructive, they have not pointed to any NK cell-specific developmental requirements or a direct clinical role for NK cells in the way the classical or functional NK cell deficiencies have.
MCM4 mutation is a novel cause of NK cell deficiency and adrenal insufficiency
In this issue of the JCI, Gineau et al. (12) and Hughes et al. (13) have defined one of the clearest known examples of classical NK cell deficiency as resulting from mutations in the minichromosome maintenance complex component 4 (MCM4; also known as minichromosome maintenance-deficient 4) gene. The patients are from three consanguineous Irish cohorts and in addition to exhibiting classical NK cell deficiency have adrenal insufficiency and growth retardation. From an infectious standpoint, the proband of the first family studied experienced complications from EBV infection and other affected individuals had susceptibility to infection with herpesviruses and presumed complications of viral illnesses - symptoms clinically consistent with an NK cell deficiency. Several of the patients studied have been known to have an NK cell deficiency for quite some time (14) ; colleagues of Gineau have previously identified low numbers of peripheral blood NK cells in the four affected children of the larger family studied (14) . Using microsatellite homozygosity mapping, this group had linked the phenotype to chromosome 8p11.23-q11.21 with a lod score of 4.51 (14) . This is a 12-Mb region containing 59 genes, which were subsequently focused to 45 and systematically evaluated by Gineau et al. (12) . Colleagues of Hughes had originally observed and studied the adrenal insufficiency exhibited by affected individuals in one of the cohorts (15) . In the present study, Hughes et al. discovered the causative gene via genome-wide homozygosity mapping and a targeted custom exonic sequence capture array (13) . Both groups identified the causative mutations as homozygous acceptor splice site mutations in the MCM4 gene leading to a frameshift and premature stop codon (12, 13) . This results in a severely truncated MCM4 protein and abrogation of the major MCM4 isoform.
MCM4 uniquely impacts NK cell biology
MCM4 is one part of the minichromosome maintenance complex consisting of MCM2-7. It is a highly conserved DNA helicase that is recruited to origins of replication to promote the unwinding and polymerization of chromosomal DNA (16) . Complete MCM4 deficiency in mice is lethal, although a hypomorphic mutant mouse strain (Chaos3) has been characterized (17) . In the mutations identified in patients with NK cell deficiency, adrenal insufficiency, and growth retardation, Gineau et al. found that the MCM complex formed normally but failed to promote normal DNA replication, resulting in an abnormal proportion of cells in G 1 /S phase (12) . In patient-derived fibroblasts there was also an abnormally high number of DNA breaks, thus confirming aberrant replicative processes.
Why an impact upon the seemingly ubiquitous and essential MCM2-7 complex and inclusion of an aberrant MCM4 component would affect only NK cells, adrenal function, and growth patterns is unclear. Although direct patient samples were not available, in Chaos3 mice, Hughes et al. found that adrenal morphology was abnormal, with displacement of steroidogenic cells. This potentially would impact normal adrenal steroid responses (13) .
The NK cell phenotype in the patients is especially unusual. While the total number of NK cells in their peripheral blood is extremely low, there is a normal number of CD56 bright NK cells. CD56 bright NK cells are believed to be immature and a developmental precursor to CD56 dim mature NK cells (Figure 2 and ref. 18) . In peripheral blood, CD56 bright NK cells represent a minor population of NK cells, typically approximately 5%. They have characteristic cell surface receptor phenotypes and are not enabled for cytotoxicity. Although the exact requirements are unclear, CD56 bright NK cells are thought to give rise to CD56 dim NK cells in peripheral lymphoid organs and thus sustain the population of cytotoxic NK cells essential for host defense (18, 19) . In their report, Gineau et al. observed a selective defect in the proliferation of mutationcontaining CD56 bright NK cells as well as an increase in their spontaneous apoptosis (12) . This defect was not identified in other immune cell populations tested.
The observations of Gineau et al. (12) underscore the importance of mature CD56 dim lytic NK cells in human host defense and suggest that MCM4 is required for terminal NK cell maturation. Specific evaluation of the patients' lymphoid compartments, where CD56 bright cells are believed to undergo maturation, as well as the recapitulation of NK cell development
Figure 1
Human genes known to affect NK cells in the context of naturally occurring disease. A human NK cell is represented schematically, with disease-associated genes listed in proximity to where the encoded proteins function within the cell. Genes that have an impact on other immune cells in addition to NK cells and thus cause broader immunodeficiency/hematological syndromes are shown in blue. The three genes known to cause either functional (CD16) or classical (GATA2 and now MCM4) NK cell deficiency are shown in red. CD16 mutation impacts a region of the well-defined NK cell activation receptor (shown on the cell surface) encoded by the gene (9), while GATA2 mutation affects the broadly expressed hematopoietic transcription factor (shown in the nucleus) that it encodes (10, 11) . There are also certain other features of the reports from Gineau et al. (12) and Hughes et al. (13) that warrant further consideration. The total peripheral blood NK cell counts reported by Hughes et al. (13) were not as low as those observed by Gineau et al. (12) , and in some affected individuals approached normal ranges. This raises the possibility that this particular mutant MCM4-associated phenotype shows variable expressivity. Penetrance, however, would appear to be complete, as all individuals had low numbers of NK cells. It is unclear whether this is simply something that changes over time in affected individuals or is a feature of genetic co-modifiers in these consanguineous cohorts, or even environmental experience and/or epigenetic modifications. Whichever the case, it may help explain the observation that only some of the patients were affected by the profound susceptibility to viral infections observed in the proband.
It is likely that defects in genes encoding products with a functional relationship with MCM4 will be defined in other reported classical and functional NK cell deficiencies, since certain cases described in the literature are characterized by clinical and immunologic phenotypes strikingly similar to those reported by Gineau et al. (12) and Hughes et al. (13) (for example, it has been reported that individuals with classical NK cell deficiency in a non-consanguineous French family also exhibit growth retardation, although an impact on neutrophils and cytotoxic T cells is also seen; ref. 20) . Nevertheless, the work of Gineau et al. (12) and Hughes et al. (13) defines a new genetic syndrome that establishes the importance of mature NK cells in human host defense and suggests novel molecular requirements in NK cell maturation. The further definition of human NK cell deficiency and its genetic roots also define the clinical relevance of this diagno-
Figure 2
Schematic of terminal human NK cell differentiation and a proposed role for MCM4. Human NK cells arise from the HSC in the bone marrow and then progress to pro-, pre-, and immature NK cells (also referred to as stage 1, 2, and 3 NK cells, respectively). The immature NK cell transits to the peripheral lymphoid compartment secondary lymphoid tissues where CD56 bright NK cells predominate. CD56 bright NK cells are also referred to as stage 4 NK cells, and current evidence suggests that they develop in the secondary lymphoid tissues into CD56 dim mature NK cells (stage 5). Key differences between CD56 bright and CD56 dim NK cells are depicted in the schematics of these two cells. Characteristics of early-stage NK cells as well as their specific transcriptional requirements are reviewed elsewhere (18) . The present work suggests a role for MCM4 in the transition of CD56 bright to CD56 dim NK cells, as evidenced by the relative absence of CD56 dim NK cells in the peripheral blood with the preservation of the CD56 bright NK cell population.
sis and the need for continued research if we are to develop therapeutics that benefit affected patients.
